[1] The secondary meridional circulation induced by convective momentum transport (CMT) within the ascending branch of the Hadley circulation is a missing dynamical mechanism that can cause common failure of general circulation models (GCMs) in simulating seasonal migration of the intertropical convergence zone (ITCZ) precipitation maximum across the equator. This failure is manifested by the model bias that the precipitation peak remains north of the equator during November -March. The CMT-induced secondary circulation, characterized by strong downward motion along the equatorial belt and upward motion south and north of the belt, tends to modify the meridional distribution of precipitation with the strongest impacts during boreal winter and spring. A 20-year GCM simulation with the CMT parameterization successfully reproduces the observed seasonal migration of the ITCZ precipitation across the equator with the peaks near 8°N during boreal summer and near 8°S during boreal winter.
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Introduction
[2] The ITCZ, a classical and dominant feature of atmospheric dynamics in the tropics, has been the principal focus of many observational, modeling, and theoretical studies [e.g., Mitchell and Wallace, 1992; Waliser and Gautier, 1993; Xie, 1996] . It plays a crucial role in the generation and maintenance of the global climate and variability, including the water and energy cycles, air-sea interaction, monsoon evolution, and planetary teleconnections. The ITCZ is characterized by a belt of low-level convergence and upper-level divergence with strong upward motion, deep penetrative convection, frequent cloudiness, and heavy rainfall. It has a distinct seasonal migration across the equator, manifested by a precipitation maximum that shifts from 8°N in April -November to 8°S in December-March, with an equatorial minimum during boreal winter. This migration of precipitation is readily identifiable from both satellite and gauge observational estimates [Figures 1a and 1b; Xie and Arkin, 1998; Gruber et al., 2000] .
[3] Most general circulation models (GCMs), however, are unable to reproduce the seasonal migration of the ITCZ precipitation [Gates et al., 1999; Hack et al., 1998 ], and hence the credibility of climate predictions or climate change projections made by these models is limited. For example, the peak of ITCZ precipitation simulated by the NCAR (National Center for Atmospheric Research) CCM3 (Community Climate Model, version 3) remains north of the equator throughout the year (Figure 1c ). Since the ITCZ precipitation is a result of complex nonlinear interaction among dynamical, thermodynamic, and physical processes, failure to simulate its seasonal migration by GCMs has been a long-standing challenge in the climate modeling community.
[4] Tropical convection not only releases latent heat from condensation and vertically redistributes heat and moisture, but also transport momentum. Dynamical, observational and numerical studies [e.g., Moncrieff, 1981; LeMone, 1983; Soong and Tao, 1984] show that, depending on its organization and the vertical wind shear, convection can produce significant cloud-scale horizontal pressure gradients that affect in-cloud momentum and convective momentum transport (CMT). Most of the current GCMs, however, do not include CMT in the convection schemes because of the notion that the CMT impact on large-scale circulation is insignificant. Here we demonstrate that CMT plays a central role in producing the observed seasonal migration of the ITCZ across the equator.
Convective Momentum Transport Schemes and Experimental Design
[5] Physical processes through which the CMT affects environmental flow include: (i) subsidence of environmental air that compensates the cloud mass flux; (ii) detrainment of excess momentum from clouds; and (iii) convectioninduced pressure gradient force. In terms of resolvable (or GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 15, 1824 , doi:10.1029 /2003GL017198, 2003 Copyright 2003 by the American Geophysical Union. 0094-8276/03/2003GL017198$05.00 large-scale) variables, it can be expressed by [e.g., Zhang and Cho, 1991; Wu and Yanai, 1994; Gregory et al., 1997] 
where F x and F y are the zonal and meridional apparent momentum sources, M c is the total cloud mass flux, d the detrainment, r the density of air, s the fractional area coverage of cumulus cloud ensembles, u c and v c are the incloud horizontal velocities, u and v the large-scale horizontal velocities, and p c is the cloud-scale pressure perturbation induced by convection and is related to the vertical wind shear, cloud mass flux and organization of convection.
[6] The CMT parameterization has been a challenging problem due to the difficulty in obtaining the observational momentum budget to evaluate it [e.g., Carr and Bretherton, 2001; Tung and Yanai, 2002] [Mapes and Wu, 2001; Zhang and Wu, 2003; Kershaw and Gregory, 1997] . This suggests that the dominant mechanisms of the CMT effect on the momentum field are captured by these schemes. Several studies have incorporated the CMT effect in GCMs and have shown that the Hadley circulation is enhanced and the mean tropical circulation is closer to observations [Helfand, 1979; Zhang and McFarlane, 1995] . None of these studies, however, directly addressed the CMT effect on seasonal migration of ITCZ precipitation. A systematic study of the CMT impact on the global climate system is greatly desired. Since the CCM3 uses the Zhang and McFarlane convection scheme, we implemented the Zhang and Cho scheme for this study.
To facilitate the study, we conducted a 20-year simulation with the CMT scheme and compared it with the standard CCM3 simulation (CTL). The AMIP (Atmospheric Model Intercomparison Project) II sea surface temperature (SST) is used in the simulation.
Results
[7] The simulated peak of ITCZ precipitation belt shifts from north to south of the equator during NovemberDecember and returns to north during March -April (Figure 1d ). The ITCZ precipitation maximizes near 8°N during boreal summer, while it peaks near 8°S during boreal winter. Precipitation is stronger in the Northern Hemisphere ITCZ than in the Southern Hemisphere. A distinct equatorial precipitation minimum is present during boreal winter. This result compares well with observations (Figures 1a and 1b) , and is a dramatic improvement from the standard CCM3 simulation (Figure 1c) .
[8] CMT effects are readily identified from the difference of precipitation between the CMT and CTL simulations (Figure 2 ). Precipitation is reduced along the equatorial belt between 8°S and 8°N, but is enhanced south and north of this belt. The most pronounced effects appear from November to April. The reduction of precipitation extends from 8°N in November, to the equator in March, and further to 5°S in April. As the ITCZ migrates toward the equator during boreal winter, the CMT effect tends to weaken the Northern Hemisphere precipitation belt, produce the equatorial minimum, and shape the meridional distribution of precipitation as observed. During boreal summer, the reduction of equatorial precipitation is relatively small as the peak of precipitation is away from the equator and lies about 8°N.
[9] A close examination of the global distribution of precipitation indicates that CMT effects vary along the equator and between seasons. To identify CMT signals that are statistically significant, we apply the T-Test at the 99.9% confidence level assuming independence of individual monthly means. During boreal winter (DJF, Figure 3) , the significant reductions of precipitation occur over the western Pacific, Indian Ocean, Africa, South America and the eastern Pacific along the equator, while precipitation is enhanced along 10°N and 10°S. During boreal spring (MAM), precipitation decreases over the entire Pacific along the equator, but increases along 10°N and 10°S. The modification is also found over the Atlantic with the decrease in the western part and the increase in the eastern. During boreal summer (JJA), the significant reductions of precipitation appear over the Indian Ocean, Bay of Bengal, Indonesia, western Pacific, and Central America, while large increases are over Arabian Sea and western Atlantic. During boreal fall (SON), the precipitation is significantly reduced over the Indian Ocean along the equator.
[10] The dramatic improvement of the tropical precipitation distribution results from the dynamic response to CMT effects. Comparison of vertical velocity fields (Figures 4a  and 4b) shows that the maximum of upward motion just north of the equator in the CTL simulation is suppressed, while upward motion south of the equator is enhanced. The CMT simulation demonstrates two distinct peaks of upward motion separated by an equatorial minimum, which is much closer to the NCEP reanalysis (Figure 4c ) than the CTL simulation.
[11] Figure 5 shows the difference of mean meridional streamfunction (combining vertical velocity and meridional wind fields) between the CMT and CTL. In the ascending branch of the Hadley circulation, the southern part of the meridional circulation is enhanced, while the northern part is weakened. Downward motion dominates between 5°N and 2°S with upward motions to the north and south. Downward motion is related to divergent flow near the equator below 850 hPa. Near the surface the northerly and southerly wind are evident north and south of the equator, respectively. In the upper troposphere, a wind pattern opposite to the surface is readily identified with a strong convergence near the equator. This indicates that interaction of CMT with large-scale circulations produces a secondary meridional circulation that significantly changes the distribution of precipitation within the ITCZ.
[12] Analysis of apparent momentum sources (i.e., vertical divergence of CMT, Figure 6 ) provides evidence for this interpretation. Positive (negative) convective momentum source north (south) of the equator below 850 hPa tends to enhance the northerly (southerly) wind. While the impact of CMT on the meridional wind is relatively small, diver- gence of the CMT-induced wind change has a major impact on the tropical circulation and distribution of precipitation.
Conclusion and Remarks
[13] We have identified that, using 20-year GCM simulations with observed SST, the secondary meridional circulation induced by convective momentum transport is the missing dynamical mechanism that causes the common GCM failure in simulating seasonal migration of ITCZ precipitation across the equator. The CMT-induced secondary circulation suppresses precipitation along the equatorial belt and enhances it away from the belt. This modifies the meridional distribution of precipitation and results in the annual cycle of ITCZ precipitation that closely matches observations. Our result suggests that a physically and mathematically sound parameterization which consistently integrates convective heating, moistening and momentum transport eliminates a long-standing GCM bias. In general, extratropical precipitation responses to the CMT are not significant. Preliminary analyses show that there is no major change in overall transient activities, although daily variances of sea-level pressure and precipitation increase (decrease) over the regions of the enhanced (reduced) precipitation. Note that the uncertainties in the representation of cloud mass fluxes in convection schemes will likely influence the intensity of the CMT-induced secondary meridional circulation. Simulations using different GCMs will be useful to confirm the mechanism identified in this study. Additional studies are needed to determine if the CMT-induced secondary meridional circulation, through interaction with the oceanic circulation, can alleviate the double ITCZ problem in the coupled atmosphere-ocean GCMs. Figure 6 . 1979 -1998 DJF mean zonally averaged meridional apparent momentum source (0.1 m s À1 day À1 ).
